We consider an extension of Higgs inflation in which the Higgs field is nonminimally coupled to gravity through its kinetic term. We analyzed the models with power-law coupling functions for any positive or negative integer power and found that the Higgs boson can drive a successful inflation only for the cases n = 2, 1, 0, −1. Theoretical predictions for both tensor to scalar ratio r and scalar spectral index n s are within the 2018 Planck 95% CL including temperature, polarization, and lensing data.
There exist alternatives, but the simplest realization of an inflationary period occurs with a minimally coupled scalar field [13, 14] . While the scalar field potential dominates the energy density of the universe, there is a period of nearly exponential growth and the drawbacks of the standard hot big-bang scenario get simply solved.
Moreover, inflation also provides an explanation for the observed structures in the Universe [15, 16, 17, 18, 19, 20] . Quantum fluctuations in the scalar field would have led to small inhomogeneities in the energy density that later became the structures we observe, namely, Cosmic Microwave Background (CMB) anisotropies and inhomogeneities in the mass distribution.
Scalar fields are abundant in fundamental theories of matter beyond the standard model of particle physics. Nevertheless, the only known fundamental scalar quantum field is the Higgs field discovered by the CERN collaborations ATLAS and CMS [21, 22] . Over the past years, intense research has been carried out trying to identify the Higgs scalar with the field causing the early inflationary period. Although this identification could in principle be possible, it has proven to be non-trivial [23] .
While a Higgs field non-minimally coupled to gravity can produce inflation, it cannot simultaneously satisfy the unitary bound of the theory [24] .
A number of approaches differing from canonical inflation have been investigated over the past years. An early inflationary regime is found in models such as non-minimally coupled scalar fields [25, 26, 27] , kinetic inflation [28] , α attractor models [29, 30, 31, 32] , Dirac-Born-Infeld (DBI) inflation [33, 34, 35, 36] , string theory inspired inflation [37, 38, 39] , vector inflation [40, 41, 42] , inflaton potential in supergravity [43, 44, 45] , and Galileon models [46, 47, 48, 49, 50, 51, 52, 53] , also including scalar fields with non-minimal derivative coupling to the Einstein tensor [54, 55, 56, 57, 58, 59 ].
An interesting, appealing framework for inflation is provided by theories including curvature corrections such as ξ φ n G µν ∂ µ φ∂ ν φ. This sort of theories add gravitational friction and make the scalar field to roll slower than neglecting those curvature corrections. Moreover, this sort of theories are embedded in the most general Lagrangian giving second order equations, the so-called Horndeski Lagrangian. Recent developments in this subject have shown that a Higgs field including non-minimal kinetic coupling to curvature as well as to the Gauss-Bonnet invariant successfully produces an inflationary epoch satisfying current constraints [60, 61] .
The main focus in this paper will be to answer to what extent the Higgs field only including a non-minimal kinetic coupling to gravity can successfully render an inflationary regime in the early universe. In section 2 we explain the model and provide the theoretical framework for our study. Then we show in section 3 that this model is compatible with current Planck constraints on the scalar spectral index n s and the tensor to scalar ratio r. Concluding remarks are presented in section 4.
Theoretical framework
We consider a generalization of the standard Higgs action where the Higgs field φ and its derivatives are coupled to the gravity, such that
where R is the Ricci scalar, κ 2 ≡ 8πG N with G N the bare Newton's constant, G µν is the Einstein tensor, β is an arbitrary parameter with dimension of (mass) n−2 and n is an integer. We will further assume that during inflation one can neglect the vacuum expectation value of the Higgs scalar so that a quartic potential is a good approximation for the Higgs potential. The self-coupling constant λ is fixed experimentally by the LHC results, which impose the constrain λ 0.13 [62] . Assuming a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, the equations of motion take the form
The relevant slow-roll parameters for the model (2.1) are given by (see [60] )
where α ≡ βλ and we have set M p = 1. The expression for the scalar spectral index in terms of these parameters is
while the tensor to scalar ratio is given by
In Eqs. (2.7)-(2.8) the scalar field φ c is meant to be the scalar field at horizon crossing and in general can be computed as follows. Following the guidelines of [60] , we can express the e-foldings number in terms of the scalar field, and find that,
where the value φ end can be found easily by imposing the condition | 0 (φ end )| ∼ 1. If we know approximately when inflation ends, we can also calculate how large φ must be at the horizon crossing (beginning of inflation) to produce around 60 e-folds of expansion before reaching φ end .
Results
In this section we show theoretical predictions of the model for both tensor to scalar ratio r and scalar spectral index n s for different powers n. In Fig. 1 we consider four coupling functions given by n = −1, 0, 1, 2 and show the behavior of r and n s for a wide α-interval. From Fig. 2 one can see that for small values of α (α 10 −3 ) there is a strong dependency of the observables with α whereas for a large wide α-interval the observables achieve practically constant value, very close to the strong coupling limit. Since the field at horizon crossing depends on α, it is therefore important to The black circles show the large coupling results for the models that correspond to α between 10 14 and 10 16 . make sure that the inflationary period occurs for relatively small values of the field in order to meet the Standard Model restrictions on the self coupling λ of the Higgs boson. According to the Standard Model, 0.11 λ 0.27, which reduces the viable β values to a narrow interval in the region of large coupling limit. As follows from the behavior of φ c as function of α = λβ (see Fig. 2 bellow) , the scalar field at the horizon crossing changes very slowly at large values of β and therefore the observables take practically constant values, very close to the strong coupling limit. In absence of kinetic coupling all models reduce to the standard canonical field with φ 4 potential that gives the know values for n s and r given by
and at the strong coupling limit (β → ∞) we find the following values
where the upper labels correspond to the power n. These values of r at the strong coupling limit correspond to the minimum value that r can achieve for the corresponding model. Assuming N = 60 we find that the models with the constant coupling β (n = 0) and βφ (n = −1) give the lower tensor-to-scalar ratio, r (0) ≈ 0.088 and r (−1) ≈ 0.076, that are below 0.1. For n = 3 at the strong coupling limit the observables take the values
which at N = 60 gives an appropriate value n s ≈ 0.961 but large tensor-to-scalar ratio r ≈ 0.176, discarding the model. If we take n = 4, then n s and r remain the same as in the absence of coupling given by (3.1), which are discarded by the observations, and the only influence of the kinetic coupling is on the values of the scalar field φ end and φ c . For n = 5, the scalar spectral index and the tensor-to-scalar ratio vary between the limits
making it impossible to realize the slow-roll inflation between the current observed values of n s and r. For n ≥ 6 it can be seen from (2.4) that φ end and φ c can be defined only for values of β bellow some finite value that depends on n. Thus, taking n = 6 for instance, the scalar field at the end of inflation becomes φ end = 8 − β/2. This means that the strong coupling limit can not be defined and the slow-roll inflation takes the character of large-field inflation, making it impossible to reach the Standard Model Higgs boson coupling values λ ∼ 0.11 − 0.27. Note also that as n increases the spectral index moves out to the left of the Plack 95% CL and starting from n ≥ 4, n s is located outside that region, while r moves to the top of the 95% CL region, being located outside the region for n ≥ 3. In the opposite case, assuming n < −1, it is found that in the strong coupling limit the observables tend to the values
This result favor r that decreases as n takes larger negative values, moving towards the 1σ-region in Fig. 3 , but the scalar spectral index increases moving outside the 2σ-region to the right. Thus, for n < −1 it is not possible to reach values of n s consistent with the Planck 2018 observational data. In all models considered above the observables n s and r vary between the weak coupling limit, common to all cases, and the strong coupling limit for each case.
In Fig. 2 where dφ c /dN is obtained by taking the derivative of Eq. (2.9) with respect to the e-foldings number. It becomes clear that the kinetic term is much smaller than the potential, which for the above cases is of order of V (φ c ) ∼ 10 −9 M 4 p (after COBE normalization), so that the inflationary period is driven mainly by the Higgs potential.
In Fig. 3 we show the theoretical predictions of the model for α = 10 14 embedded in the 2018 Planck constraints including temperature, polarization, and lensing. It is shown the 68% and 95% CL regions for the scalar spectral index n s and the tensor to scalar ratio r. Colored dots correspond to the theoretical predictions for the models β/φ 2 (green), β/φ (yellow), β (black), and βφ (blue). One can see that for all the cases the theoretical predictions fall inside the 95% CL region. Moreover, the effect of the non-minimal kinetic coupling is more pronounced in the scalar spectral index than in the tensor to scalar ratio. It is worth noticing that considering N = 50 e-folds the tensor-to-scalar ratio increments for all cases, while at N = 70 the increment is on the scalar spectral index side, making in both cases the models less viable.
Conclusions
We have presented a study of the slow-roll inflation driven by the Higgs Boson with non-minimal derivative coupling to curvature. The coupling function is of the powerlaw type and we have considered all possible scenarios with positive and negative power. The results depicted in Fig. 1 show that both tensor to scalar ratio r and scalar spectral index n s depend on the parameter α = λβ, where λ is the self coupling of the Higgs potential which satisfies the Standard Model restrictions and β is used to set the appropriate values of the scalar field at the horizon crossing since the observables n s and r vary very slowly along a wide interval of large β-values. to observables that satisfy the latest Planck constraints on r and n s at the 95% CL. For large β it is possible to obtain small values of the scalar field at horizon crossing, which allows to satisfy the COBE restrictions (see [60, 61] ) with adequate values of the self coupling constant λ that are consistent with the Higgs boson phenomenology. Furthermore, the energy contribution of the kinetic term is small enough to be consistent with the slow-roll formalism, which imply a dominance of the potential in the early stages of the inflation.
Considering all possible powers, it was shown that the models with n ≥ 3 are discarded since the tensor-to-scalar ratio takes values r > 0.1, growing with the increase of n, while the scalar spectral index decreases, and starting from n = 4 is located outside to the left of the 95% CL region depicted in Fig. 3 . The analysis of powerlaw couplings with n < −1 shows that while r is favored taking values well below the r = 0.1 limit, the scalar spectral index increases considerably, moving outside the 95% CL region to the right. Thus, for n < −1 it is not possible to reach values of n s consistent with the Planck 2018 observational data and the models are discarded.
According to the trajectories depicted in Fig. 1 , the main flaw of the models is in the tensor-to-scalar ratio, where the only cases in which r takes values below 0.1 are n = 0 and n = −1. The Higgs boson restriction on λ, for the models with n = 2, 1, 0, −1, is satisfied only in the large coupling regime which gives values of n s and r very close to their values in the strong coupling regime. Particularly interesting is the model with constant coupling β (n = 0) which was also study quantitatively in [58, 59] where it was also shown that the consistency with the Higgs boson is reached at large coupling regime.
We have explored the possibilities of the scalar field model with Higgs potential and derivative coupling to gravity of achieving successful inflation within the Standard Model Higgs boson restrictions, where the kinetic coupling function is a monomial of the scalar field. Although we have shown that the models with n = 2, 1, 0, −1 are consistent with current observations by the Planck collaboration (falling into the 95% CL), they might be in trouble when including more data sets such as those by the BICEP2/Keck Array collaboration [63] . A more general kinetic coupling function (e.g., F (φ, X)) or additional curvature corrections could be worked out in order to analyze whether or not a Higgs field with such curvature corrections can satisfy the most stringent constraints.
